Background: Nonexercise models were developed to predict maximal oxygen consumption (VO 2 max). While these models are accurate, they don't consider smoking, which negatively impacts measured VO 2 max. The purpose of this study was to examine the effects of smoking on both measured and predicted VO 2 max. Methods: Indirect calorimetry was used to measure VO 2 max in 2,749 men and women. Physical activity using the NASA Physical Activity Status Scale (PASS), body mass index (BMI), and smoking (pack-y = packs·day * y of smoking) also were assessed. Pack-y groupings were Never (0 pack-y), Light (1-10), , and Heavy (>20). Multiple regression analysis was used to examine the effect of smoking on VO 2 max predicted by PASS, age, BMI, and gender. Results: Measured VO 2 max was significantly lower in the heavy smoking group compared with the other pack-y groups. The combined effects of PASS, age, BMI, and gender on measured VO 2 max were significant. With smoking in the model, the estimated effects on measured VO 2 max from Light, Moderate, and Heavy smoking were -0.83, -0.85, and -2.56 ml·kg -1. min −1 , respectively (P < .05). Conclusions: Given that 21% of American adults smoke and 12% of them are heavy smokers, it is recommended that smoking be considered when using nonexercise models to predict VO 2 max.
In the early 1990s, Jackson and colleagues 1 developed 2 nonexercise models to predict maximal oxygen consumption (VO 2 max) demonstrating accuracies equal to, if not better than, submaximal exercise testing. 2 The models estimate VO 2 max using a regression equation that combines age, gender, self-reported physical activity, and percent body fat or body mass index (BMI). 1 Based on these models, Wier et al 3 constructed a nonexercise model that estimates VO 2 max using waist girth. When compared with models using percent body fat and BMI, the model including waist girth estimated VO 2 max with no appreciable difference in accuracy, thus supporting the use of waist girth as substitute for body composition in nonexercise models. 3 The associations between VO 2 max and gender, age, physical activity, and body composition/BMI/waist girth have been established and are used to successfully estimate VO 2 max. 1, 3 However, even though it is known that smoking adversely affects pulmonary function and development, measured VO 2 max, and exercise endurance, the effect smoking has on VO 2 max predicted with nonexercise models has not been evaluated. [4] [5] [6] [7] Studies have found that cigarette smoking results in a significantly lower measured VO 2 max, anaerobic threshold, oxygen pulse, and a significantly higher heart rate, pulse-pressure product, ventilation, respiratory rate, cardiac output, and pulse pressure. 7, 8 Individuals who have recently smoked experience cardiovascular changes that adversely affect oxygen availability at the tissue level. 8 This may be related to a failure in the normal vasodilatation response in exercising muscles because an increase in systolic blood pressure on smoking days was observed. 8 It also has been reported that smokers, compared with nonsmokers, show smaller improvements in cardiorespiratory fitness with exercise training and a level of endurance that is inversely related to the number of cigarettes smoked per day and duration of smoking. 8 by pack-y groupings as follows: Never (0 pack-y), Light (1-10 pack-y), Moderate (11-20 pack-y), and Heavy (>20 pack-y).
Body Mass Index
Participants were measured for body weight and height on a physician's balance beam scale with participants dressed in shorts without shoes. The scale was calibrated weekly using known weights. Body mass index was calculated using Quetelet's index (weight in kg/height in m 2 ).
Measurement of VO 2 max
The Bruce treadmill protocol was followed and oxygen uptake was continuously measured with open-circuit spirometry. 14 A GE/Marquette computer assisted system for exercise (CASE) with a 12-lead electrocardiogram (ECG) was used to monitor heart rate. Metabolic measurements were continuously taken during exercise. The graded exercise stress test was administered on a calibrated GE/Marquette Series 2000 treadmill. Bruce protocol procedures were automatically controlled by the CASE. Expired gases were continuously sampled and analyzed for oxygen and carbon dioxide concentrations by a Jaeger-Tonnies Oxycon Alpha (Viasys Healthcare, Conshohocken, PA), which was calibrated daily with known gases. The highest full minute oxygen uptake observed during the final minute of the test was accepted as VO 2 max provided 2 of the 3 following criteria were met: 1) respiratory exchange ratio ≥ 1.1; 2) heart rate within 10% of their age-predicted maximal heart rate; and/or 3) an increase in VO 2 ≤ 2.0 ml·kg -1. min −1 with further increase in work rate. 15 
Statistical Analysis
Due to the significant influence of age on pack-y, analyses of covariance (ANCOVA) with age as the covariate were performed to compare outcome variables between pack-y groupings. Pearson Product Moment Correlation coefficients were computed to exam bivariate associations between outcome variables. Multiple regression analysis was used to develop 2 nonexercise models to estimate VO 2 max without (Model I) and with smoking considered (Model II). 16 The dependent variable was measured VO 2 max and the independent variables were PASS, age, BMI, gender (coded Female = 1; Male = 2), and smoking. The pack-y groupings (Light, Moderate, and Heavy) were each dummy coded with the value of 1 and added to Model II as separate independent variables.
Regression coefficients for the smoking group variables indicated effects on measured VO 2 max compared with the "never smoked" group. The standard error of estimate percent (SEE%) was calculated as [(SEE% = SEE/mean VO 2 max)  100] for each model. The SEE sets variation limits around a predicted VO 2 max, and the When the influences of age, percent body fat, and drinking are removed, smokers clearly have a decreased measured VO 2 max. 9 Tobita et al 10 reported that an increase in the number of cigarettes smoked affects measured VO 2 max in males. Their study was the first to demonstrate that an increase in the number of cigarettes smoked, even for a 1-year duration, has a negative affect on measured VO 2 max. 10 Because smoking affects measured VO 2 max and a number of physiological functions related to measured VO 2 max, it is possible that smoking also influences the prediction of VO 2 max by nonexercise models. Therefore, the precision of current nonexercise models might be reduced in smokers. The purpose of this study was to evaluate the cumulative impact of smoking on measured VO 2 max, the relationship between measured and estimated VO 2 max among smokers, and to determine if smoking status should be included in nonexercise, VO 2 max prediction models.
Methods

Subjects
All 2,749 participants (13.6% female) were employed at the National Aeronautics and Space Administration/ Johnson Space Center (NASA/JSC) in Houston, TX. They volunteered to be tested at the Kelsey-Seybold Clinic location at the JSC, the same multispecialty medical clinic and cardiopulmonary laboratory used for the development of the original nonexercise, VO 2 max prediction models in a different sample. 1 This was a welleducated (87% college graduates), middle-aged (46.2 ± 9.8 y) cohort most commonly employed as a scientific, technical, or managerial professional. The race and ethnicity breakdown was 5.0% African American, 4.8% Hispanic, 3.9% Asian-Pacific Islander, and 86.3% White. The JSC committee for the protection of human subjects approved all study procedures and protocols.
Clinical Examination
A medical examination was performed on the participants to determine their health status. Those found to be clinically healthy reported to the cardiopulmonary laboratory where they provided informed consent. In the laboratory, a staff nurse first explained the NASA physical activity status scale (PASS) to the participants. They then rated their typical physical activity level for the past month on a scale ranging from 0 to 10. A rating of 0 to 1 indicated very low physical activity, 2 to 3 represented moderate physical activity, and 4 to 10 indicated a high physical activity level. The PASS has been validated as an indicator of aerobic fitness in previous studies. [11] [12] [13] Smoking status was assessed by asking participants how many years they smoked and how many packs per day they smoked. The smoking variable was expressed in pack-years (pack-y) and calculated as pack-y = packs·day * y of smoking. Data were stratified across the pack-y groups, but did not reach statistical significance until exceeding 20 pack-y (heavy smokers). The BMI of the heavy smoking group was 1.2 units higher than the BMI of the never and light smoking groups (P < .05).
The correlations among all variables of interest in this study are presented in Table 3 .
Pack-y were negatively correlated with VO 2 max (r = -0.23) and positively related to age (r = .24; P < .001). The correlation coefficients relating pack-y with the other variables ranged from 0.08 for gender to 0.24 for age. Age and BMI were negatively and physical activity positively related to VO 2 max (P < .001). Other notable relationships found were between BMI and physical activity (r = -0.21) and BMI and age (r = .20; P < .001).
General linear models were used to examine the relationship between pack-y and measured VO 2 max after controlling for age, BMI, gender, and physical activity (Table 4) .
Model I (without smoking) shows that all of the control variables were associated with measured VO 2 max (P < .001). The pack-y groupings were added to Model II (with smoking). Regression coefficients for the smoking groups indicated effects on VO 2 max compared with the "never smoked" group. The smoking group variables accounted for an additional 0.7% of the variance in measured VO 2 max when added to the model containing age, BMI, gender, and physical activity (P < .01). The post hoc hypothesis test for effect showed that compared with "never smoked," light and moderate smoking significantly reduced VO 2 max 0.83 and 0.85 ml·kg -1 ·min −1 , respectively and heavy smoking significantly lowered VO 2 max 2.56 ml·kg -1 ·min −1 .
Shown in Table 5 are measured VO 2 max and VO 2 max estimated by Models I and II for each pack-y grouping. Simple correlations between measured and estimated values declined as pack-y grouping increased from never to heavy. The correlations between measured and estimated VO 2 max for the smoking groups were the same for both Models I and II: never smoked, 0.805; light, 0.744; moderate, 0.711; heavy, 0.672. Constant errors (CE) and the standard deviations of the CE for each smoking group were obtained to compare the accuracy of the models for estimating VO 2 max for the different levels of smoking. Data in Table 5 show that estimated VO 2 max was consistently overestimated among smoking groups when compared with measured VO 2 max in Model I. Model II accounted for systematic differences in the effects of smoking on VO 2 max and demonstrated that the inclusion of smoking as a predictor reduced the overestimation in estimated VO 2 max for smokers. Overestimations were reduced 0.5 ml·kg -1 ·min −1 for light, 0.47 ml·kg -1 ·min −1 for moderate, and 2.10 ml·kg -1. min −1 for heavy smokers.
Provided in Table 6 is information regarding the usefulness of using estimated VO 2 max to classify participants according to age and gender specific fitness categories based on measured VO 2 max quintiles. In the SEE% describes the percentage of the actual mean VO 2 max within which the predicted values will generally fall. This is a common method used to evaluate the accuracy of VO 2 max prediction models. 17 The models were further examined for accuracy by dividing the data into pack-y groupings and then comparing the constant errors (CE) and the error estimates achieved from the estimates of VO 2 max for each pack-y grouping. 18 The CE values were calculated as the mean difference between the measured VO 2 max and VO 2 max predicted by Model II [CE = ∑ (measured VO 2 max -predicted VO 2 max)/n)]. The CE may be understood as the mean of the residual, which is the difference between measured and estimated VO 2 max. A negative CE indicates the model tends to overestimate VO 2 max in that subgroup; a positive CE indicates that on average the model will underestimate the value for that subgroup.
Finally, we examined the ability of our new model (Model II) to correctly classify participants according to fitness (ie, measured VO 2 max). Age and gender specific measured VO 2 max quintile (Q1-5) cut-points (Table 1) were derived from the study sample to create 5 fitness categories. Participants were then classified into these categories based on their measured and estimated VO 2 max. Classification into the correct measured fitness category by Model II was examined by cross-classification of the measured and predicted categories. The approach used by Matthew and colleagues 19 was followed to determine the percentage of correct classifications overall and for the low and high fitness categories.
Results
This was a heterogeneous sample with ranges in age from 19 to 82 y, pack-y from 0 to 90, VO 2 max from 15.4 to 65.5 ml·kg -1 ·min −1 , BMI from 16.0 to 48.6 kg·m −2 , and physical activity on the PASS from 0 (low) to 10 (high). Of the total 2,749 participants in the sample, 638 (23.2%) reported some smoking history (ie, ≥1 pack-y), and 2,111 (76.8%) reported that they never smoked.
Descriptive information about the participants is given in Table 2 by pack-y groupings. The decrease in VO 2 max with increased pack-y was steady and fairly linear from the never smoked group to the moderate smoking group, but dropped substantially between the moderate and heavy smoking groups. With the effect of age held constant across groups, analysis of covariance showed that the VO 2 max of the heavy smoking group was significantly lower than the other 3 groups (P < .001). The overall decline in VO 2 max from the never smoked group to the heavy smoking group was 6.2 ml·kg -1 ·min −1 . Physical activity did not differ significantly between the never, light, and moderate smoking groups or between the moderate and heavy smoking groups; however, the never and light smoking groups were more physically active than the heavy smoking group (P < .05). The BMI values steadily increased (Q4) is also included, classification accuracy increases to 86.0%. In the low (Q1) and high (Q5) fitness categories, classification errors more than 2 categories from the correct measured fitness category occurred 5.7 and 2.0% of the time, respectively. Extreme misclassification in these fitness categories occurred for only 0.27% of the participants (3 of 1097). These percentage-wise classifications are similar to the values reported by Matthews et al. 19 
Discussion
Consistent with some previous research, measured VO 2 max was found to be negatively associated with smoking. 4, [7] [8] [9] [10] Although the effect of smoking on VO 2 max was significant for all 3 smoking levels, the total sample, 1098 of 2747 participants (40%) were correctly classified into the appropriate fitness category. Among the participants not correctly classified, 75.3% were classified into an adjacent fitness category (n = 1242). Therefore, 85.2% of participants were classified correctly or classified within 1 fitness category. Also of note are the classification accuracies in the low and high fitness categories. Of the 548 participants determined to be in the low fitness category (Q1) by measured VO 2 max, Model II classified 240 (43.8%) correctly. If we consider the adjacent low fitness category as well (Q2), 78.3% of the participants are classified into these 2 low fitness categories by Model II. At the upper end of the distribution, our model correctly classified 213 of 549 participants (38.8%) as being in the high fitness category (Q5) and when the adjacent high fitness category 21 in a small sample of elite team sportsman (N = 14). Thus, it is possible that among younger and highly physically active individuals, the impact of smoking on fitness, as measured by VO 2 max, may be more difficult to detect or differences between smokers and nonsmokers may be negligible. The greatest impact of smoking on measured VO 2 max in our sample was found among nonsmoking participants and those classified as heavy smokers. It is not clear whether participants in either of the Morton et al 21 or Song et al 20 studies had substantive cumulative smoking exposures, making it difficult to determine the comparability of these studies to our findings or those of other investigators. 4, [7] [8] [9] [10] The existing nonexercise models are valuable tools for predicting VO 2 max. [1] [2] [3] Their utility in epidemiological studies is unparalleled and they are as accurate as more rigorous, submaximal testing approaches (eg, bench step, bicycle ergometer). 2 However, a potentially substantial drawback of these models is the omission of any consideration for the effects of smoking on predicted VO 2 max value. As can be seen in our data, measured VO 2 max among smokers was lower than nonsmokers and substantially lower among heavy smokers. These findings are consistent with the literature regarding the influence of smoking on measured VO 2 max. 4, [7] [8] [9] [10] Because current nonexercise models do not include smoking as a predictor variable, VO 2 max among smokers is overestimated by a minimal amount among light and moderate smokers and a substantial amount among heavy smokers. Given that over 63 million American adults are current smokers and approximately 7.5 million of them are heavy smokers, it is advisable to consider smoking status in the nonexercise, VO 2 max prediction models. 4, 22 In agreement with Matthews et al 19 we found the new nonexercise model accounting for smoking behavior accurate for categorizing participants according to fitness level. In the low and high fitness categories, classification errors were low and only 3 out of the 1097 participants in these categories were misclassified beyond 3 categories from measured. Therefore, the new model discriminates between individuals of low and decrement in VO 2 max was most pronounced for heavy smokers. Measured VO 2 max was 8.0 ml·kg -1. min −1 lower in the heavy smokers compared with those who never smoked. The nonexercise model containing smoking level mimicked this effect. For heavy smokers, VO 2 max predicted by the model was 8.0 ml·kg -1. min −1 lower than predicted VO 2 max in nonsmokers. At the individual level, the predicted VO 2 max of a heavy smoker would be 2.56 ml·kg -1 ·min −1 lower if their smoking status were included in the model. Not all studies examining the relationship between smoking and VO 2 max have documented significant differences between smokers and nonsmokers. For example, in a sample of 2,639 young and physically active male military conscripts, Song and colleagues 20 found models for approximately one-eighth of American adults who currently smoke. 22 Future research could examine the effects of smoking on VO 2 max predicted by other nonexercise models and also determine if the models account for changes in smoking status (eg, individuals who quit smoking) and/or VO 2 max. The acquisition of smoking data are very easy to obtain and nonexercise VO 2 max prediction models are extremely user friendly and feasible, thus making them ideal for largescale studies and for practitioners and public health officials.
high fitness fairly well, an appealing quality for those (eg, epidemiological researchers) who are most likely to employ VO 2 max estimation methods when defining health outcomes relative to fitness. This is important to help further advance our understanding about associations between fitness and morbidity from cardiovascular disease, stroke, coronary heart disease, or cancer. 23 The results of this study should be interpreted within the context of its limitations. First, the sample examined was mostly comprised of well-educated, employed, Caucasian males. Whether the results can be extrapolated to less-educated, ethnic minority, and/or female populations is not known. Second, the measure of smoking exposure used was pack-y. While pack-y is a commonly used variable that assesses cumulative smoking exposure in epidemiologic studies, it does not distinguish between current and former smokers, as both can have a cumulative smoking exposure. [24] [25] [26] [27] [28] Unfortunately, current vs. former smoking status was not explicitly captured in the clinical exams, only packy. Thus, it is likely that our results are somewhat moderated by the fact that current and former smokers are grouped together and only stratified based on their cumulative smoking exposure rather than both on their current smoking status and their cumulative exposure. 24 Because the VO 2 max of individuals who quit smoking is higher than those who continue to smoke, the predicted VO 2 max of a current smoker would be overestimated relative to measured VO 2 max in a study like ours that only provides cumulative smoking exposure. This may be a particularly significant problem for light and moderate smokers who have higher quit rates and greater VO 2 max recovery potential.
Lastly, this study focused on the nonexercise VO 2 max prediction models developed by Jackson et al. 1 The results of this study may not be applicable to other nonexercise models for predicting VO 2 max. However, because it was found that smoking significantly impacted the prediction of VO 2 max in the Jackson et al 1 models, it is advisable to examine the relevance of smoking in other VO 2 max prediction models. 4 In conclusion, our data suggest that nonexercise VO 2 max prediction models should consider the effects of smoking. This would improve the precision of such Model II estimated VO 2 max  Q1  Q2  Q3  Q4  Q5  Totals   Q1  240  71  19  8  0  338  Q2  189  189  119  52  11  560  Q3  88  193  216  167  66  730  Q4  28  88  161  240  259  776  Q5  3  9  35  83  213  343  Totals  548  550  550  550  549  2747 Abbreviations: Q, quintiles 1 (low fitness) to 5 (high fitness); VO 2 max, maximal oxygen consumption (mL·kg -1. min −1 )
